Synaptic clustering of GABA A receptors is important for the function of inhibitory synapses, influencing synapse strength and, consequently, the balance of excitation and inhibition in the brain. Presynaptic terminals are known to induce GABA A receptor clustering during synaptogenesis, but the mechanisms of cluster formation and maintenance are not known. To study how presynaptic neurons direct the formation of GABA A receptor clusters, we have investigated GABA A receptor localization in postsynaptic cells that fail to receive presynaptic contacts in Caenorhabditis elegans. Postsynaptic muscles in C. elegans receive acetylcholine and GABA motor innervation, and GABA A receptors cluster opposite GABA terminals. Selective loss of GABA inputs caused GABA A receptors to be diffusely distributed at or near the muscle cell surface, confirming that GABA presynaptic terminals induce GABA A receptor clustering. In contrast, selective loss of acetylcholine innervation had no effect on GABA A receptor localization. However, loss of both GABA and acetylcholine inputs together caused GABA A receptors to traffic to intracellular autophagosomes. Autophagosomes normally transport bulk cytoplasm to the lysosome for degradation. However, we show that GABA A receptors traffic to autophagosomes after endocytic removal from the cell surface and that acetylcholine receptors in the same cells do not traffic to autophagosomes. Thus, autophagy can degrade cell-surface receptors and can do so selectively. Our results show that presynaptic terminals induce GABA A receptor clustering by independently controlling synaptic localization and surface stability of GABA A receptors. They also demonstrate a novel function for autophagy in GABA A receptor degradative trafficking.
Introduction
The balance between neuronal excitation and inhibition is critical for information processing in the brain. When this balance is disrupted, epilepsy and anxiety disorders may result (Crestani et al., 1999; Baulac et al., 2001; Wallace et al., 2001; Cossette et al., 2002) . The excitation-inhibition balance depends on inhibitory neurotransmission, mediated primarily by GABA A receptors (Liu, 2004) . These receptors cluster in postsynaptic membranes opposite inhibitory presynaptic terminals. GABA A receptor clustering is important because it achieves high receptor densities in the immediate vicinity of GABA release sites, which profoundly affect the amplitude and kinetics of inhibitory synaptic currents (Semyanov et al., 2004) . The mechanisms of GABA A receptor clustering in postsynaptic membranes are not well understood.
Clustering of neurotransmitter receptors is the end result of a developmental pathway initiated when presynaptic terminals contact the postsynaptic cell. At excitatory synapses, the pathway includes regulation of receptor synthesis, clustering of neurotransmitter receptors and scaffolding molecules, and elimination of nonsynaptic receptors (Broadie and Bate, 1993; Burden, 2002; Chih et al., 2005) . At GABA synapses, postsynaptic GABA A receptors and scaffolding molecules also cluster where presynaptic terminals make contact (Levi et al., 1999; Rao et al., 2000; Brunig et al., 2002; Christie et al., 2002; Studler et al., 2002; Gally and Bessereau, 2003) . The binding of presynaptic ␤-neurexin to postsynaptic neuroligin-2 molecules is an important first step in this pathway (Graf et al., 2004; Chih et al., 2005) . Later events of the pathway leading to the formation and stable maintenance of GABA A receptor clusters remain to be discovered. One obstacle to dissecting the GABA A receptor clustering pathway has been the inability to experimentally eliminate presynaptic contacts. This experiment is important because it should reveal which aspects of GABA A receptor trafficking are influenced by presynaptic terminals.
The nematode Caenorhabditis elegans is a powerful model system for studying synaptogenesis because we can genetically ma-nipulate presynaptic and postsynaptic cells and observe the results in vivo. The body-wall muscle is particularly useful to study inhibitory synaptogenesis. Body-wall muscles form synapses with GABA and non-GABA neurons (White et al., 1986) . Thus, the influence of matched and nonmatched presynaptic contacts may be determined. GABA A receptors in these cells are simple and uniform (Bamber et al., 2005) , in contrast to the structurally complex mammalian GABA A receptors. Finally, axon pathfinding can be manipulated, so presynaptic contacts to body-wall muscles may be selectively or completely eliminated. In this study, we eliminate presynaptic inputs and determine how GABA A receptor patterning is affected. We show that GABA terminals organize GABA A receptors into synaptic clusters, but that GABA and non-GABA terminals alike stabilize GABA A receptors on the cell surface. In the absence of presynaptic inputs, GABA A receptors are internalized and traffic to autophagosomes for degradation. Acetylcholine receptors (AChRs) in the same cells do not traffic to autophagosomes, indicating that autophagy is selective for GABA A receptors. These results are important because they help to delineate the separate steps in the GABA A receptor clustering pathway, and they identify autophagy as a novel degradative pathway for GABA A receptors.
Materials and Methods

C. elegans cultures
C. elegans were grown on nematode growth medium agar at 20 -25°C. Bristol N2 was the wild-type strain; mutant alleles used in this study were unc-49(e407), unc-5(e53), unc-51(e369), rol-9(sc148), lin-15(n765ts), rme-8(b1023ts), unc-38(x20), snb-1(md247), unc-13(e1061), unc-31(e928), cha-1(p1152), cha-1(y226ts), acr-16(ok789), unc-64(x37), and unc-25(e156) .
Manipulation of motor axon pathfinding
Motor neurons must express the netrin receptor to project dorsally and innervate dorsal muscles. The netrin receptor is encoded by the unc-5 gene (Leung-Hagesteijn et al., 1992) . In unc-5(e53) mutants, the netrin receptor is defective, no motor neurons project dorsally, and dorsal muscles are non-innervated (Hedgecock et al., 1990) . All investigation of non-innervated dorsal muscles were performed in the unc-5(e53) genetic background. We restored dorsal axon pathfinding individually to GABA neurons and ACh neurons in the unc-5(e53) mutant background, by expressing the netrin receptor (UNC-5) under the control of promoters specific to GABA neurons [unc-47 (McIntire et al., 1997) ] and ACh neurons [acr-2 (Hallam et al., 2000) ]. In unc-5(e53) mutants carrying the Punc-47::UNC-5 transgene, GABA axon pathfinding is normal, whereas ACh axon pathfinding remains defective. Thus, ACh innervation is effectively removed from the dorsal muscle cells in these strains. Likewise, GABA axon pathfinding is effectively removed in unc-5(e53) mutants carrying Pacr-2::UNC-5 transgenes. Experiments in which ACh innervation or GABA innervation was removed selectively from dorsal muscles were performed using these transgenes. We visualized GABA motor axons using the Punc-47::green fluorescent protein (GFP) construct, and we visualized ACh motor axons using the Pacr-2::GFP construct (see below). We also used these constructs to verify that rescue of ACh neuron pathfinding did not affect GABA neuron pathfinding and vice versa (data not shown).
Transgenes
UNC-5 expression. Punc-47::UNC-5 and Pacr-2::UNC-5 transgenes were constructed by placing promoter fragments of unc-47 [GABA vesicular transporter (McIntire et al., 1997) ] or acr-2 [a nicotinic acetylcholine receptor subunit expressed in DA and DB motor neurons (Hallam et al., 2000) ] between the XbaI and NcoI of pYZ108, just upstream of the UNC-5 rescuing cDNA (Hamelin et al., 1993) , generating pAR27.6 and pAR28.6, respectively. These plasmids were injected along with a plasmid containing rol-6sd, as a cotransformation marker (Kramer et al., 1990 ) (both at 40 ng/l), and Rol lines were established. These arrays were integrated using X-irradiation, resulting in grIs2 rol6sd] and grIs4 [Pacr-2::UNC-5; rol-6sd], respectively.
Autophagosome markers. Expression of monomeric red fluorescent protein (mRFP)-LGG-1 was achieved by swapping the GFP coding sequences for those of mRFP (Campbell et al., 2002) in the GFP-LGG-1 construct (Melendez et al., 2003) , using the KpnI and NheI sites (resulting in a linker that was seven residues shorter than the linker between GFP and LGG-1), to generate the plasmid pAR40.1. pAR40.1 was coinjected with rol-6sd (both at 40 ng/l), and Rol lines were established. This array was integrated using X-irradiation to generate grIs16 . To construct the tagged beclin constructs BEC-1-GFP and BEC-1-mRFP, we fused GFP or mRFP to the C terminus of the BEC-1 protein, encoded by the C. elegans beclin-1 homolog T19E7.3. GFP or mRFP were placed in-frame at the C terminus, between engineered PinA1 and NheI restriction sites in the Ce-bec-1 coding sequence. The entire BEC-1-GFP and BEC-1-mRFP coding sequence plus an additional 2500 bp of Cebec-1 5Ј flanking DNA and 900 bp of Ce-bec-1 3Ј flanking DNA were placed into a pBluescript-based vector, between SphI and BsiW1 sites, generating pAR37.10 and pAR39.1, respectively. These plasmids were coinjected with pEK1 (both at 40 ng/l) into lin-15 worms to generate the grEx115 )] and grEx129 )] arrays. The UNC-38-GFP transgene was constructed by inserting GFP in-frame at residue K430 in the intracellular loop between the third and fourth transmembrane domain (J. L. Bessereau, unpublished observation).
Other transgenes. Other transgene arrays used in this study were as follows:
oxIs12 (Hallam et al., 2000) ; juIs1 ] (Hallam and Jin, 1998) ; GFP-LGG-1 array 5/3 (Melendez et al., 2003) ; and oxIs22 ] (Bamber et al., 1999) . oxIs22 contains the full-length unc-49 genomic rescuing fragment with GFP inserted, in-frame, into the intracellular loop of the UNC-49B subunit. This UNC-49B-GFP translational fusion protein fully rescues the uncoordinated phenotype of unc-49(e407) and localizes to synapses (Bamber et al., 1999) .
Inhibition of endocytosis
To address the role of endocytosis in trafficking GABA A receptors to autophagosomes, we used the strains FY375 [unc-5(e53) ; oxIs22] and FY542 [rme-8(b1023ts); unc-5(e53) ; oxIs22]. We maintained these at the permissive temperature (15°C). We first synchronized the populations of both strains by isolating eggs from a mixed-stage population and placing them on a plate lacking bacteria at 15°C, in which they arrested at the first larval stage. These animals were then transferred to a plate with bacteria at 15°C and were allowed to grow to the L4 larval stage. L4 larvae were washed from the 15°C plates with S-Basal and aliquoted by pipette to plates equilibrated at 26°C. At each time point, 7, 14, 26, 32, 40, 55, and 72 .5 h after the shift to 26°C, animals were fixed, and UNC-49-GFP containing autophagosomes were counted. Counts were performed blind with respect to genotype. The groups were analyzed using a twoway ANOVA, using post hoc t tests to compare significant differences at each time point (n ϭ 10 for each time point, except for t ϭ 0, in which only six worms with wild-type rme-8 were counted).
Electron microscopy
Serial thin sections were available from a previous study (Hedgecock et al., 1990) for eight wild-type and nine unc-5 adults covering the midbody region in transverse aspect. All animals had been immersion fixed, embedded in Epon, and post-stained with heavy metals in a parallel manner (Hedgecock et al., 1990; Hall, 1995) . Sections were viewed on a Philips (Aachen, Germany) CM10 electron microscope, collecting micrographs on film. Film negatives were scanned into Adobe Photoshop (Adobe Systems, San Jose, CA) for data analysis and presentation. To efficiently gather statistics on the presence or absence of autophagosomes, largemuscle inclusions were scored on the microscope screen in well spaced thin sections of the midbody region, looking for organelles of ϳ0.5 m or larger. The dimensions of muscle sarcomeres served as an internal reference, independent of microscope magnification, in quickly measuring organelle size.
Staining and light microscopy
All epifluorescence imaging was performed on a Zeiss (Oberkochen, Germany) Axioskop 2 microscope equipped with a Princeton Instruments digital camera (Roper Scientific, Trenton, NJ). GFP was visualized using the Endow GFP filter set, and mRFP and Alexa Fluor 594 were visualized using the tetramethylrhodamine isothiocyanate (TRITC) filter set (Chroma Technology, Rockingham, VT). Live imaging was performed on worms paralyzed by 30 M sodium azide. Alternatively, to reduce gut autofluorescence, worms were fixed before imaging (Bettinger et al., 1996) . rol-9 was sometimes included in the genetic background to cause twisted body morphology, to aid photographing nerve cords. When quantifying the intracellular accumulation of UNC-49-GFP, we counted green fluorescent objects larger than ϳ0.5 m in diameter and routinely verified that they were not visible using the TRITC filter, to distinguish them from autofluorescent gut granules. Care was taken that double-labeled organelles (i.e., UNC-49-GFP and mRFP-LGG1) were clearly distant from gut to ensure they were not gut granules. For immunostaining, anti-UNC-49 antibodies (Gally and Bessereau, 2003) were used at a 1:500 dilution. Staining was performed using a protocol described by Bettinger et al. (1996) , except that, after incubation with secondary antibodies, specimens were washed with buffer B for 1-3 h, transferred to the SlowFade equilibration buffer for 15 min, and mounted in SlowFade mounting medium (SlowFade kit; Invitrogen, Carlsbad, CA). Alexa Fluor 594-conjugated goat anti-rabbit IgG(heavy and light chains) secondary antibodies (Invitrogen) were used at 1:1000. Anti-UNC-29 staining was performed as described previously (Gally et al., 2004) . Confocal images were taken on an Olympus Optical (Tokyo, Japan) FV300 using a 60ϫ oil-immersion objective. Images were processed using Adobe Photoshop.
Electrophysiology
Electrophysiological analysis was performed as described previously (Richmond and Jorgensen, 1999) . Briefly, animals were immobilized with cyanoacrylic glue, and a lateral cuticle incision was made exposing either the ventral or dorsal medial body-wall muscles. Muscle recordings were made in the whole-cell voltage-clamp configuration (holding potential of Ϫ60 mV) using an EPC-10 patch-clamp amplifier and digitized at 1 kHz. Data were acquired by Pulse software (HEKA Elektronik, Lambrecht/Pfalz, Germany) run on a Dell computer (Dell Computer Company, Round Rock, TX). The bath solution contained the following (in mM): 150 NaCl, 5 KCl, 5 CaCl 2 , 1 MgCl 2 , 10 glucose, and 15 HEPES, pH 7.35 (ϳ340 mOsm). The pipette solution contained the following (in mM): 120 KCl, 20 KOH, 4 MgCl 2 , 5 Tris, 0.25 CaCl 2 , 4 NaATP, 36 sucrose, and 5 EGTA, pH 7.2 (ϳ315 mOsm). Subsequent analysis and graphing were performed using Pulsefit (HEKA Elektronik) and Igor Pro (WaveMetrics, Lake Oswego, OR). GABA and levamisole were pressure ejected at a concentration of 500 M for 100 ms during constant perfusion of the recording chamber.
Results
Strategy to disrupt innervation of postsynaptic muscle cells
Body-wall muscles on the dorsal side of the worm normally receive synaptic inputs from inhibitory GABA motor neurons and excitatory ACh motor neurons. Motor neuron cell bodies are located on the ventral side of the worm. Therefore, to make synaptic contact with dorsal muscles, motor axons must first grow dorsally ( Fig. 1 A) . Once they reach the dorsal side, they extend longitudinally in a bundle called the dorsal nerve cord ( Fig.  1 A-C) and make synaptic contact with dorsal muscles (White et al., 1986) . Dorsal axon growth requires the netrin receptor, encoded by the unc-5 gene (for a list of pertinent C. elegans genes, their functions, and human homologs, see Table 1 ). By controlling which motor neurons express the netrin receptor (see Materials and Methods), we were able to control which motor neurons make synaptic contact with the dorsal muscles. To determine how the loss of presynaptic contact affects GABA A receptor localization patterns, we used a GFP-tagged C. elegans GABA A receptor subunit (UNC-49B-GFP, referred to here as GABA A R-GFP). GABA A R-GFP normally forms clusters opposite inhibitory presynaptic terminals (Fig. 1 D) (Bamber et al., 1999; Gally and Bessereau, 2003) .
Presynaptic innervation affects GABA A receptor clustering and trafficking
We first investigated the role of GABA presynaptic terminals in establishing postsynaptic GABA A receptor patterns. We exam- ined worms in which GABA neurons could not project to dorsal body-wall muscles; therefore, the dorsal cord contained only ACh axons (Fig. 2 A, D,G) . GABA A receptors did not form clusters in these animals but instead appeared to localize diffusely to the muscle cell surface (Fig. 2 J) . Therefore, GABA presynaptic terminals are necessary for GABA A receptor clustering in C. elegans, consistent with previous results (Gally and Bessereau, 2003) .
To determine whether the GABA presynaptic terminals were sufficient to cluster GABA A receptors, we investigated whether ACh presynaptic terminals were required. When the dorsal nerve cord contained only GABA axons and not ACh axons (Fig.  2 B, E,H ) , postsynaptic clustering of the GABA A receptor was normal (Fig. 2 K) . We confirmed that these clusters formed opposite GABA presynaptic terminals using a marker for GABA synaptic vesicles (data not shown). These data indicate that ACh presynaptic terminals are not required and that GABA terminals alone provide a signal to the postsynaptic cell to initiate synaptic GABA A receptor clustering.
To test whether GABA and ACh motor axons have a redundant effect on postsynaptic GABA A receptors, we examined worms in which no neurons projected dorsally (Fig. 2C, F, I ) and, consequently, dorsal muscles were non-innervated. GABA A receptors in the non-innervated cells accumulated in large intracellular organelles (Fig. 2 L) . The number of GABA A R-GFPcontaining intracellular organelles was far higher in noninnervated muscles than when innervation of either type was present or in ventral muscles that receive normal presynaptic contacts (Table 2 ). These results indicate that presynaptic contact suppresses intracellular GABA A receptor accumulation. We conclude that presynaptic terminals play two roles in GABA synaptogenesis. GABA neurons specifically are required to organize GABA A receptors into synaptic clusters, and presynaptic contact by either type of motor neuron prevents GABA A receptors from accumulating within cells.
This finding suggests that presynaptic neurons provide a signal to regulate the trafficking of postsynaptic GABA A receptors. One possibility is that neurotransmitters released from the presynaptic cells serve as this signal. To test this hypothesis, we examined GABA A R-GFP localization in a variety of mutants with neurotransmission defects (supplemental Table S1 , Fig. S1 , available at www.jneurosci.org as supplemental material). We first determined that the neurotransmitter release machinery is not required. GABA A R-GFP clusters normally and does not accumulate inside cells in mutants defective for the release of synaptic vesicles (unc-13 and snb-1) or dense-core vesicles (unc-31). Second, we determined that neither ACh nor GABA signaling are required. Contact by ACh neurons still prevents the intracellular accumulation of GABA A R-GFP when ACh synthesis is defective or when postsynaptic ACh receptor function is eliminated. Likewise, contact by GABA neurons still prevents intracellular GABA A R-GFP accumulation when GABA synthesis is defective. Together, these results provide evidence that the presynaptic signal regulating GABA A receptor trafficking is not a neurotransmitter or a neuropeptide. It is more likely that the presynaptic cell expresses a cell-surface molecule or secretes a growth factor or extracellular matrix protein that serves as the signal.
GABA A receptors accumulate in autophagosomes
To identify the intracellular organelles in which GABA A receptors accumulate in the non-innervated cells, we examined electron micrographs of worms that lack the netrin receptor [unc-5 mutants (Hedgecock et al., 1990) ]. In these worms, motor neurons cannot extend axons dorsally, so dorsal muscles do not receive synaptic inputs. We observed elevated numbers of large structures, ranging from ϳ0.5 to 2 m in diameter, bounded by multiple membranes in non-innervated muscles (Fig. 3 A, B) . This morphology is typical of autophagosomes. We found examples of early autophagosomes [ϳ0.5 m diameter, bounded by concentric rings of membrane (Fig. 3A) ] and later-stage autophagosomes [larger bodies containing a uniform electron-opaque matrix, typical of autophagosomes undergoing fusion with lysosomes ( Fig. 3B) ]. These structures were increased fivefold in dorsal muscles of netrin receptor-deficient worms compared with wild type (Fig. 3C) . Therefore, lack of innervation seems to cause increased autophagy. The ultrastructure of the muscles was 
R-GFP accumulation in intracellular organelles
Presynaptic contacts to dorsal muscles
Organelles per worm Normal (wild-type worms) 1.9 Ϯ 0.3 (n ϭ 66) ACh only 5.1 Ϯ 1.1 (n ϭ 15) GABA only 4.4 Ϯ 1.6 (n ϭ 18) Absent (netrin receptor-defective mutant; unc-5) 28.7 Ϯ 1.6 (n ϭ 65)* 88 Ϯ 2% dorsal (n ϭ 15) Absent, autophagy defective (unc-5; unc-51 4.5 Ϯ 0.6 (n ϭ 50) double mutant) *p Ͻ 0.0001, significantly different from all innervated muscles and from autophagy-defective non-innervated muscles; n is number of worms analyzed. Figure 3 . Autophagy is increased in non-innervated muscle cells. A, B, Electron micrographs of autophagosomes in the non-innervated dorsal body-wall muscles of netrin-defective (unc-5) worms. Autophagosomes typically constitute large membrane-bound organelles containing complex contents including additional membrane layers inside. Morphologies typical of early (A) and late (B) autophagosomes or autophagolysosomes were observed. C, Autophagy is significantly enhanced in netrin receptor-deficient (unc-5) mutants, mainly in dorsal muscles. Sarcomere volume and cytoplasm volume are comparable between normal (D) and noninnervated (E) dorsal muscles, indicating that lack of innervation does not cause muscle cell death or degeneration. Arrows indicate the boundary between sarcomeres and cytoplasm. Scale bars, 0.1 m. *p Ͻ 0.05 compared with wild type, by Mann-Whitney U test; n ϭ 48 and 56 muscle quadrants in wild-type (wt) and unc-5 mutants, respectively. otherwise normal. We did not observe loss of electron density indicative of autophagic cell death (Bursch, 2001 ), and we did not observe degenerative changes such as shrinkage of cytoplasm or sarcomeres that take place in aging C. elegans muscle cells (Herndon et al., 2002) (Fig. 3 D, E) .
This correlation between the lack of presynaptic contact and increased autophagy suggests that the GABA A R-GFP-positive organelles in non-innervated cells may be autophagosomes. To test this idea, we first determined whether formation of the GABA A R-GFP-positive organelles depended on the autophagy machinery. The C. elegans UNC-51 protein is required for autophagy (Table  1) (Melendez et al., 2003) . We observed greatly reduced numbers of GABA A R-GFP-positive intracellular organelles in noninnervated muscle cells when the UNC-51 protein was defective (Fig. 4 A, Table 2 ). Thus, the autophagy machinery is required for organelle formation. Second, we tested whether intracellular GABA A R-GFP fluorescence in non-innervated cells colocalized with markers of autophagosomes. GFP-tagged versions of the proteins LGG-1 and beclin-1 can be used to visualize autophagosomes in vivo in C. elegans and mammalian cells (Yue et al., 2002; Melendez et al., 2003) . We tagged these proteins with mRFP to generate two red fluorescent autophagosome markers, called mRFP-LGG-1 and beclin-1-mRFP (see Materials and Methods). GABA A R-GFP and mRFP-LGG-1 colocalized in the intracellular organelles in non-innervated muscles (Fig. 4 B) . However, high background levels of mRFP-LGG-1 fluorescence in the muscle cell cytoplasm made the colocalization difficult to quantify. GABA A R-GFP and beclin-1-mRFP also colocalized in noninnervated muscles (Fig. 4C) . Beclin-1-mRFP produced less background fluorescence, and we were able to determine that 100% of GABA A R-GFP-positive organelles were also positive for beclin-1-mRFP.
To show that trafficking to autophagosomes is not caused by overexpression of a GFP-tagged GABA A receptor, we also analyzed non-innervated muscles using an antibody against the endogenous GABA A receptor (Gally and Bessereau, 2003) . We used beclin-1-GFP to visualize autophagosomes in this experiment because it provided the lowest background of any marker that we tested. We determined that 33 Ϯ 8% of the autophagosomes were enriched for GABA A receptor immunoreactivity in noninnervated cells (n ϭ 10 worms, 94 organelles total) (Fig. 4 D) . In contrast, autophagosomes in control worms lacking endogenous GABA A receptors (i.e., unc-49 mutants) do not exhibit any increased GABA A receptor immunoreactivity (Fig. 4 E) . Thus, trafficking of GABA A receptors to autophagosomes is not an artifact of GFP tagging or overexpression. However, overexpression seems to result in increased accumulation of GABA A receptors in autophagosomes, because GABA A R-GFP can be detected in ϳ10-fold more autophagosomes than can endogenous GABA A R immunoreactivity.
The above results provide the first evidence for degradative trafficking of GABA A receptors through the autophagy pathway. Does it take place under normal physiological conditions? We looked for colocalization of beclin-1-GFP and anti-GABA A R immunoreactivity in worms that had intact neuromuscular innervation. We occasionally detected organelles in muscle cells positive for both GABA A receptor immunoreactivity and beclin-1-GFP (7 organelles in 10 worms) (Fig. 5) . This result suggests that GABA A receptors can traffic to autophagosomes in normal muscles as well, but the pathway is negatively regulated by contact with presynaptic terminals.
GABA A receptors traffic to autophagosomes from the cell surface
We next investigated the mechanism of GABA A receptor trafficking to autophagosomes to better understand how the presynaptic signal patterns postsynaptic GABA A receptors. One possibility is that GABA A receptors reach the cell surface normally but then traffic to autophagosomes after removal by endocytosis, suggesting that presynaptic contact regulates receptor surface stability. Alternatively, GABA A receptors may fail to properly assemble when innervation is absent and traffic to autophagosomes as nonfunctional aggregates directly from the endoplasmic reticulum, suggesting that presynaptic contact regulates receptor assembly. To distinguish between these possibilities, we first looked at the role of endocytosis using a mutant with a temperaturesensitive endocytic defect. Endocytosis requires the RME-8 protein (Zhang et al., 2001; Chang et al., 2004) . A mutant form of RME-8 functions normally at 15°C but becomes unstable and is degraded at 26°C (Zhang et al., 2001 ). In the presence of this mutation, intracellular GABA A R-GFP fluorescence in noninnervated muscles disappeared at 26°C. The same temperature shift had no effect when RME-8 was normal (Fig. 6 A) . This result shows that trafficking of GABA A receptors to autophagosomes requires endocytosis and implies that the receptors are correctly assembled and exported to the cell surface before they traffic to autophagosomes. To directly investigate surface expression of GABA A receptors, we performed electrophysiological recordings. The amplitude of the GABA response in non-innervated dorsal muscles was reduced by 30% compared with innervated cells (Fig. 6 B) . Although statistically significant, this reduction was modest, suggesting that GABA A receptor synthesis, assembly, and membrane insertion are normal despite the loss of presynaptic contact. Furthermore, GABA currents in non-innervated cells returned to their normal levels when autophagy was blocked by the unc-51 mutation (Fig. 6 B) , indicating that autophagic degradation, and not reduced GABA A receptor synthesis, is responsible for the 30% decrease. These results provide evidence that the autophagy pathway can function to reduce GABA A receptor surface expression and that presynaptic contact blocks GABA A receptor trafficking from the cell surface to the autophagosome.
Acetylcholine receptors do not traffic to autophagosomes
Finally, we examined acetylcholine receptors in non-innervated cells to determine whether autophagy is a general mechanism to degrade neurotransmitter receptors or whether it is used selectively for GABA A receptors. C. elegans body-wall muscles express two nicotinic ACh receptors. One of these is sensitive to the cholinergic agonist levamisole and contains the UNC-29 and UNC-38 subunits (Richmond and Jorgensen, 1999) . We expressed a GFP-tagged UNC-38 subunit, resulting in a GFPtagged acetylcholine receptor (AChR-GFP). AChR-GFP localizes to the ventral and dorsal nerve cords (Fig. 7A) . In netrindeficient worms, AChR-GFP is detectable only at the ventral nerve cord. We did not detect synaptic puncta at the dorsal midline, consistent with the absence of a dorsal cord in these mutants. We also did not observe intracellular fluorescence in dorsal muscles ( Fig. 7B ) (n ϭ 40 worms), indicating that AChR-GFP does not accumulate in autophagosomes. We also characterized the other subunit, UNC-29, using an anti-UNC-29 antibody (Gally et al., 2004) . In non-innervated muscles, GABA A R-GFP fluorescence was visible in autophagosomes, but UNC-29 immunoreactivity was not ( Fig. 7C ) (n ϭ 15 worms). UNC-29 immunoreactivity was observed adjacent to GABA A R-GFP clusters along the ventral cord, indicating that the antibody staining was successful in this experiment. Thus, these AChRs do not accumulate in autophagosomes in non-innervated muscle cells. To confirm that they are still synthesized, we recorded levamisole currents (Fig. 7D ). Currents were comparable in innervated and non-innervated dorsal muscles, suggesting that lack of innervation does not affect the levels of these ACh receptors. Furthermore, unlike GABA currents, levamisole currents were not increased when autophagy was blocked using the unc-51 mutation. Thus, under identical conditions, GABA A receptors traffic to autophagosomes, whereas an ACh receptor in the same cell does not, demonstrating that autophagy downregulates surface-expressed GABA A receptors selectively.
Discussion
In this study, we characterized the roles of presynaptic innervation in the formation of postsynaptic GABA A receptor clusters. GABA A receptor localization patterns were compared in C. elegans body-wall muscles in the presence and absence of their normal contacts with GABA and ACh motor neurons. The results show that presynaptic innervation plays two roles. First, it promotes GABA A receptor surface stability. Receptors traffic from the cell surface to autophagosomes for degradation when presynaptic contacts are absent, suggesting that presynaptic neurons normally provide a signal that blocks (White et al., 1986) . B, In a worm lacking functional netrin receptors, and therefore lacking dorsal motor innervation, AChR-GFP is visible along the ventral cord (left) but is not observed dorsally in either synaptic puncta or intracellular organelles (right). C, Immunoreactivity for another ACh receptor subunit, UNC-29, does not localize to autophagosomes. In a netrin-defective worm, GABA A R-GFP was visible along the ventral nerve cord and within an autophagosome in a dorsal muscle (left). UNC-29 immunoreactivity was also visible along the ventral nerve cord but not in the autophagosome (middle). Merged image shows localization of GABA A R-GFP and UNC-29 localization to adjacent synapses but no colocalization in the autophagosome (right). D, Electrophysiological response to the ACh agonist is the same in innervated and non-innervated cells and is not increased when autophagy is blocked ( p Ͼ 0.05, one-way ANOVA). Left trace and bar, Wild type; middle trace and bar, netrin deficient (unc-5 mutant); right trace and bar, netrin deficient and autophagy deficient (unc-5;unc-51 double mutant). Error bars are SEM. Scale bars, 5 m.
autophagy. This signal is present on both GABA and ACh motor neurons and is not dependent on synaptic vesicle release. Second, innervation organizes GABA A receptors into postsynaptic clusters. Clustering is induced specifically by GABA neurons, and the clustering signal is associated with synaptic vesicles (Gally and Bessereau, 2003) . Our results corroborate studies in mammalian neurons that show that GABA terminals induce GABA A receptor synaptic clustering, but non-GABA terminals can also play a role (Levi et al., 1999; Rao et al., 2000; Brunig et al., 2002; Christie et al., 2002; Studler et al., 2002) . They also provide two novel insights. First, presynaptic innervation independently regulates GABA A receptor surface stability and synaptic clustering. Second, autophagy can function as a selective degradation pathway for GABA A receptors. Although autophagy is often upregulated under stressful conditions, the autophagy observed in non-innervated C. elegans muscles seems to be different from a typical cellular stress response. A major function of autophagy is to alleviate nutrient stress by degrading and recycling cytoplasm and organelles (Klionsky and Emr, 2000) . However, we observed far more autophagy in dorsal muscles than in ventral muscles, although cells on both sides of the animal had equal access to nutrients. Therefore, autophagy is not likely to be a secondary response to possible starvation in uncoordinated worms with defective motor axon pathfinding. Another important function of autophagy is to execute programmed cell death (Gozuacik and Kimchi, 2004) . However, we did not observe the loss of electron density characteristic of autophagic cell death, and non-innervated cells did not die. The autophagy we observed is also distinct from the wasting, or atrophy, in denervated mammalian skeletal muscles. Muscle wasting is not autophagic but instead is attributable to the activity of the ubiquitin-proteasome system (Trout et al., 1981; Lecker et al., 1999) . Instead, the role of autophagy in non-innervated C. elegans muscles may be to degrade postsynaptic proteins that would normally be incorporated into synapses. Autophagy can be stimulated by protein aggregates, as occurs in protein conformational disorders such as Huntington's and Parkinson's diseases (Ravikumar et al., 2002) . Autophagy in non-innervated C. elegans muscle cells could be stimulated by synaptic scaffolding proteins that form ectopic cytoplasmic aggregates because their normal sites of assembly are absent. Once autophagosomes form, they may serve as a trafficking destination for GABA A receptorcontaining endocytic vesicles, thus allowing the coordinated degradation of cytoplasmic and membrane-bound postsynaptic proteins.
Our results demonstrate a novel role for autophagy in the degradation of cell-surface receptors. We showed that a properly folded and fully functional receptor can be trafficked from the cell surface to autophagosomes. Moreover, this pathway is used selectively: ACh receptors are expressed in the same cells and have similar structure and subcellular localization as GABA A receptors but do not traffic to autophagosomes under identical conditions. Selective degradation of surface-expressed receptors by autophagy could be important for the regulation of multiple aspects of cellular function. For example, it has been proposed that autophagy inhibits cancer progression by selectively degrading growth-promoting proteins such as cellsurface growth factor receptors (Qu et al., 2003; Yue et al., 2003) . Our results support this idea by demonstrating that normal functional cell-surface receptors can selectively traffic to autophagosomes.
An important implication of these findings is that autophagy may be a mechanism to control the balance of neuronal excitation and inhibition. This balance depends on the relative strengths of inhibitory and excitatory synapses. At inhibitory synapses, GABA A receptors are continually internalized by endocytosis. When the GABA A receptors recycle to the plasma membrane, synapse strength is maintained. When they traffic into a degradative pathway, synapse strength is reduced (Kittler and Moss, 2003) . Autophagy of GABA A receptors satisfies two important criteria to serve as a mechanism to regulate the excitationinhibition balance. First, autophagy functions as a degradative pathway for GABA A receptors: receptor surface levels were decreased because of autophagy, and GABA A receptors in autophagosomes gradually disappear when the influx of new receptors from the plasma membrane is blocked. Second, autophagy is selective for GABA A receptors and not ACh receptors, so it can control inhibitory synapse strength while leaving excitatory synapse strength unaffected. GABA A receptor autophagy is normally negatively regulated by a presynaptic signal. Modulating that signaling pathway provides a possible mechanism to control the excitation-inhibition balance.
Finally, our results provide evidence that the membrane dynamics of GABA A receptor trafficking and autophagy may be similar at a biochemical level. We demonstrated the involvement of autophagy proteins in GABA A receptor degradative trafficking. Others have demonstrated that autophagy proteins are involved in GABA A receptor export to the plasma membrane. Specifically, GABA A receptor-associated protein (GABARAP) facilitates trafficking of GABA A receptors from the Golgi apparatus to the plasma membrane (Leil et al., 2004) . GABARAP is a homolog of the yeast autophagy protein Atg8, and both proteins undergo C-terminal lipidation, which allows association with autophagosomal membranes (Kabeya et al., 2004) . The involvement of autophagy proteins in both the biosynthesis and degradation of GABA A receptors raises the possibility that GABA A receptor trafficking and autophagy use overlapping biochemical mechanisms.
